Sink strength optimizes sucrose import, which is fundamental to support developing seed grains and increase crop yields, including those of rice (Oryza sativa). In this regard, little is known about the function of vacuolar invertase (VIN) in controlling sink strength and thereby seed size. Here, in rice we analyzed mutants of two VINs, OsVIN1 and OsVIN2, to examine their role during seed development. In a phenotypic analysis of the T-DNA insertion mutants, only the OsVIN2 mutant osvin2-1 exhibited reduced seed size and grain weight. Scanning electron microscopy analysis revealed that the small seed grains of osvin2-1 can be attributed to a reduction in spikelet size. A significant decrease in VIN activity and hexose level in the osvin2-1 spikelets interfered with spikelet growth. In addition, significant reduction in starch and increase in sucrose, which are characteristic features of reduced turnover and flux of sucrose due to impaired sink strength, were evident in the pre-storage stage of osvin2-1 developing grains. In situ hybridization analysis found that expression of OsVIN2 was predominant in the endocarp of developing grains. A genetically complemented line with a native genomic clone of OsVIN2 rescued reduced VIN activity and seed size. Two additional mutants, osvin2-2 and osvin2-3 generated by the CRISPR/Cas9 method, exhibited phenotypes similar to those of osvin2-1 in spikelet and seed size, VIN activity, and sugar metabolites. These results clearly demonstrate an important role of OsVIN2 as sink strength modulator that is critical for the maintenance of sucrose flux into developing seed grains.
INTRODUCTION
Sucrose is a major transitory reserve form of photoassimilates, the product of photosynthetic carbon fixation, and the main carbohydrate mobilized to sink organs via phloem loading. Its proper production, consumption, and partitioning among cellular organelles and various tissues/organs are essential for feeding metabolic processes and supporting plant growth and development. It also functions in photosynthetic regulation (Cottage et al., 2010; Sheen, 1990) , anthocyanin biosynthesis (Shin et al., 2013; Solfanelli et al., 2006) and carbon-nitrogen balancing (Cheng et al., 1992; Hanson et al., 2008) as a signaling molecule.
In particular, sugar partitioning between source and sink organs is fundamental to support developing seed grains and increase crop yields. Optimized source supply and partitioning of sugar to sink organs depend largely on sink strength, which is the ability of a sink to import photoassimilates required for growth, development, and maintenance (Chamont, 1993; Chang et al., 2017) . That is, enhanced sink strength in seed grains improves sucrose import and results in increased crop yields. This is supported by research findings that optimization of sucrose flux via proper transport from source to sink is fundamental in controlling crop yield (Braun et al., 2014) . For instance, mutation of the tonoplast-localized sucrose transporter (SUT) attenuates symplasmic phloem loading activity, accumulates sucrose in source leaves, and reduces yields in rice (Oryza sativa) and populus (Eom et al., 2011; Payyavula et al., 2011) . In wheat, overexpression of a barley SUT by an endosperm-specific promoter increases sucrose import and storage protein synthesis, improving grain quality (Weichert et al., 2010) . In rice, enhanced capacity of apoplastic phloem loading improves sucrose flux and sink strength, resulting in increased grain size and substantially increased grain yield (Wang et al., 2015) .
Sink strength in plants can be regulated by sucrose cleavage enzymes, invertase (b-fructofuranosidase, EC 3.2.1.26) and sucrose synthase (SuSy, EC 2.4.1.13) that can control the amount of sucrose. SuSy degrades sucrose in the presence of uridine diphosphate (UDP) into UDP-glucose and fructose, and its primary function is the synthesis of sugar polymers such as cellulose (Coleman et al., 2009) . Unlike SuSy, invertase is known to regulate plant growth and development as an irreversible hydrolyase of sucrose (Barratt et al., 2009; González et al., 2005) . Invertase is classified by its localization, solubility, optimal pH, and isoelectric point (pI) in plants. Its isoforms-cell wall invertase (CIN), neutral invertase (NIN), and vacuolar invertase (VIN)-are localized in the cell wall, cytosol and vacuole, respectively. VIN and CIN cleave sucrose most efficiently in acidic conditions, but a neutral pH is optimal for sucrose hydrolysis with NIN. VIN and NIN are soluble and have an acidic pI, while CIN is insoluble and has a basic pI (Cho et al., 2005; Ji et al., 2005) .
Among the three invertases, CIN, which is relatively well characterized, contributes to sink strength, growth and development, and thus plays an important role in grain filling. CIN is expressed in immature seeds and its production plays important roles in the early developmental stages of grain filling in rice, cotton, and maize (Hirose et al., 2002; Li et al., 2013; Wang and Ruan, 2012; Wang et al., 2008) . Overexpression of CIN in seeds increases seed grain productivity (Li et al., 2013; Wang et al., 2008) , and similar results can be obtained by suppressing expression of CIN inhibitors (Jin et al., 2009; Tang et al., 2017) . Unlike the well-established role of CIN in sink strength (Hirose et al., 2002; Jin et al., 2009; Wang and Ruan, 2012) , few studies have been conducted on VIN's contribution. In tomatoes, VIN leads to hexose accumulation during fruit ripening and controls fruit size (Klann et al., 1993; 1996) . It is also required for stamen and seed development in cotton (Wang and Ruan, 2016) and may play a role in sucrose storage, phloem unloading, and transport (with its hydrolysis in vacuoles) in carrot and maize Sturm et al., 1995) .
Rice has two VINs, OsVIN1 and OsVIN2, whose recombinant proteins function as invertases . In the present study, we characterized the function of rice VINs with their mutants in detail. On the basis of our results, we propose an important role of OsVIN2 in controlling sink strength and sugar partitioning in rice.
MATERIALS AND METHODS

Plant materials
Mutant and transgenic lines of OsVIN1 and OsVIN2, with a japonica cultivar (cv.) Dongjin serving as wild type (WT), were used in the experiments. Rice plants were grown in an environmental growth chamber at 30 o C and 20 o C during the day and night, respectively, in a light/dark cycle of 14/10 h or in a paddy field for living modified organisms (LMOs) at Kyung Hee University under natural environmental conditions during summer.
Isolation of the OsVIN1 and OsVIN2 mutants
T-DNA insertion lines of OsVIN1 and OsVIN2 knockout mutants osvin1 and osvin2-1 were identified from the SIGNAL Database (http://signal.salk.edu/cgi-bin/RiceGE) (Jeon et al., 2000; Jeong et al., 2006) . Homozygous mutants were isolated by genomic DNA polymerase chain reaction (PCR) analysis. The gene-specific primers used for the genotyping were, 5'-GTTAGGCAAGTTGTTGTGATGCTAATAGG-3' as forward and 5'-GTTGTTGTGTATGTGTATGGCACACTTTT-3' as reverse for osvin1; and 5'-AGTTCTATGCCTCCAAGACCTTCTACGAT-3' as forward and 5'-TCGATCGAGATACAAAATTAAAGCAGA-GA-3' as reverse for osvin2-1. The T-DNA-specific primer was 5'-ATCCAGACTGAATGCCCACAGG-3'.
RNA isolation and RT-PCR analysis
Total RNA was extracted from the collected WT and mutant samples using the TRIzol reagent and then reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, USA). First-strand cDNAs were used in reverse-transcriptase (RT) PCR reactions with gene-specific primers and control primers for the housekeeping gene OsUBQ5 (Jain et al., 2006) . The gene-specific primers used were: OsVIN1, 5'-AAGCAAAC-GATCTAGTTAAGAGAG-3' and 5'-TTCCCATTACATTAAAAAT-GATCT-3'; OsVIN2, 5'-GACATCGTCAAGAGGGTCG-3' and 5'-CCATCCATGATCCATCATCC-3'; and OsUBQ5, 5'-GAC-TACAACATCCAGAAGGAGTC-3' and 5'-TCATCTAATAAC-CAGTTCGATTTC-3'. RT-PCR analyses were repeated at least three times, giving similar results using previously described methods (Cho et al., 2005) .
Genetic complementation experiment
To complement the osvin2-1 mutant, a native full-length OsVIN2 genomic DNA of WT was amplified by PCR using the 5'-CACCTTTATGAAAGCTTTTTGAAAGATG-3' and 5'-GT-TATGAAGTTGCAATTTGACTTT-3' primers, with underlined sequences indicating overhang sequences for TOPO ® cloning. The PCR product was then subcloned into the pENTR TM / D-TOPO ® vector (Invitrogen, USA) and transferred into a modified NC4300 binary vector carrying the phosphomannose isomerase (PMI) gene as a second selectable marker (Eom et al., 2011 ) using the Gateway system. The resulting construct was used to transform the osvin2-1 as described by Lucca et al. (2001) .
Scanning electron microscopy analysis
The young spikelet samples of WT and mutant were harvested, fixed in a 3.5% glutaraldehyde solution, and dehydrated using a series of ethanol (60% to 100%). The samples were then dried with a critical-point drier (Chemical Free FDCF; Operon, Korea) and coated with platinum (Pt) using a sputter. Scanning electron microscopy (SEM) images were observed using a focused ion-beam scanning transmission electron microscope (Strata 400 STEM; FEI, USA).
Measurement of net photosynthetic activity
Net photosynthetic activity of the most recent fully expanded leaves of eight-week-old rice plants was measured using a portable gas-exchange system (Li- 
Determination of soluble sugars and starch
Approximately 50 mg of palea/lemma at an early developmental stage and rice seeds at the pre-storage stage (three to six days after fertilization [DAF]), respectively, were harvested from plants grown in the LMO paddy field. Glucose, fructose, sucrose, and starch were measured in the soluble and insoluble fractions using enzymatic methods after preparing ethanol-water extracts . The measured metabolite contents were normalized to fresh weights.
Measurement of VIN activity
VIN activity was measured according to Kocal et al. (2008) with slight modifications. Twenty mg of leaves, young palea/ lemma, and developing seeds at the pre-storage stage (three to six DAF), respectively, were homogenized with 50 mM of a Tris buffer, pH 6.8, containing 5 mM MgCl 2 , 5 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 15% (v/v) glycerine, and a proteinase inhibitor. The extracts were centrifuged for 10 min at 13,000 rpm at 4 o C. The supernatant was desalted by a Sephadex G-25 medium equilibrated in an extraction buffer. After desalting, VIN activities were determined using a method reported by Zrenner et al. (1995) with slight modifications. To remove invertase inhibitor complexes, the desalting samples were incubated at 4 o C for 60 min. The samples were mixed with 20 mM of a sodium acetate buffer, pH 4.7, containing 100 mM of sucrose and incubated at 37 o C for 90 min. The mixture was neutralized by adding a sodium phosphate solution, pH 7.2, and the reaction was stopped by heat inactivation at 95 o C for 5 min. Glucose was measured as according to previously described enzymatic methods .
In situ hybridization
Spikelet samples from WT at different stages were fixed for 16 h in 5% acetic acid, 50% ethanol, and 3.7% formaldehyde in 4 o C water, dehydrated through an ethanol series, embedded in Paraplast Plus, and sectioned into 8 μm slices. The OsVIN2 cDNA fragment generated by PCR was used to prepare antisense and sense probes under the T7 promoter with RNA polymerase using a DIG RNA labeling kit (Roche, Switzerland). The sense and antisense primers used were:
OsVIN2 sense, 5'-TAATACGACTCACTATAGGGAGGAGATG-GTGAGGCTGATG-3' and 5'-ACTTGGTCCAGTTGGTGAGG-3'; and OsVIN2 antisense, 5'-AGGAGATGGTGAGGCTGATG-3' and 5'-TAATACGACTCACTATAGGGACTTGGTCCAGTTGGT-GAGG-3'. RNA hybridization and immunological detection of the hybridized probes were performed according to , and photographed with an Olympus E600 microscope (Olympus, Japan).
Creation of OsVIN2 mutants using the CRISPR/Cas9 system
To find an effective protospacer adjacent motif and avoid any off-targets, we screened possible target sequences using the CRISPRdirect program (Naito et al., 2015;  http:// crispr.dbcls.jp/). Designed guide RNA (5'-CTCGCCGTGGCG-GTCCTCTC-3') was cloned into an entry vector, pOs-sgRNA, and then cloned into a destination vector, pH-Ubi-cas9-7, using the Gateway system (Miao et al., 2013) . The resulting vector was transformed with Agrobacterium tumefaciens (LBA4404). Cells grown on AB media containing 50 mg L -1 of hygromycin were used for rice transformation according to the Agrobacterium-mediated cocultivation method (Jeon et al., 2000) . Transgenic rice plants were regenerated from the transformed calli on selection media containing 50 mg L -1 of hygromycin and 250 mg L -1 of cefotaxime.
RESULTS
Characterization of OsVIN mutants
OsVIN1 is expressed in various vegetative and reproductive organs, while the OsVIN2 transcript is expressed in specific organs, including panicles, during heading and flowering stages of growth (Ishimaru, 2005; Ji et al., 2005; To elucidate the function of OsVIN1 and OsVIN2 during growth and development, we isolated the T-DNA insertion mutants osvin1 (serial number PFG_4A-50469) and osvin2-1 (PFG_2D-30640) from our T-DNA mutant pool (Jeon et al., 2000) . Homozygous mutants isolated from a segregating progeny population by genomic DNA PCR analysis confirmed that the T-DNA was inserted into the third and second intron in osvin1 and osvin2-1, respectively ( Fig. 1A) . Transcripts of os-vin1 and osvin2 were not detectable, indicating that they are null mutant alleles (Fig. 1B) . Compared with segregating WT plants, osvin2-1 showed smaller seed grains, while osvin1 exhibited normal vegetative and reproductive growth (Fig. 1C ). osvin2-1 showed decreased spikelet hull (palea/lemma) and grain size (Fig. 1C ). The average weight of 1,000 grains was reduced by approximately 25% in osvin2-1 (Table 1) . osvin2-1 did not show any remarkable growth defects before heading as it grew normally during vegetative growth (Fig. 1E ). To determine if the small grain was controlled by either maternally or filially defective function of OsVIN2 during seed grain development, we measured seed grain size and weight of the progeny of self-fertilized WT (OsVIN2/OsVIN2), heterozygous (OsVIN2/osvin2-1) and homozygous (osvin2-1/os-vin2-1) plants (Table 1) . Only homozygous mutant bore small seed grains and exhibited decreased grain weight compared with WT and heterozygote plants, neither of which produced small grains. This suggests that the small grains of osvin2-1 were the result of a maternally defective OsVIN2 function.
Changes in size and density of spikelet hull cells are known to affect the size and shape of seed grains (Peng et al., 2017) . We therefore examined spikelet hulls of WT and osvin2-1 plants using SEM (Fig. 2) . The average width and length of cells in osvin2-1 were significantly decreased compared with those of WT ( Figs. 2A and 2B) plants. Consistently, the average cell number per unit area of outer epidermal surface of palea/lemma in osvin2-1 was reversely substantially increased than WT ( Figs. 2A and 2C) . This suggests that a decrease in the cell size of spikelet hulls contributed to the reduction of spikelet size and thereby grain seed in osvin2-1.
Genetic complementation of the OsVIN2 mutant
To confirm if the small seed phenotype was due to impaired function of OsVIN2, the entire WT OsVIN2 genomic DNA regulated by its native promoter and terminator was introduced into osvin2-1 by PMI selection system (Eom et al., 2011) . Among transgenic plants produced, we selected the osvin2-1-complementation (Comp) line that showed higher expression of OsVIN2 for further analysis (Fig. 1D ). In the Comp line with normal plant growth, seed grain size and 1,000-grain weight were both rescued to levels comparable to those of the WT (Figs. 1C-1E and Table 1 ) samples. Thus, the genetic complementation experiment confirmed that mutation in OsVIN2 caused small seed grain in osvin2-1. 
Photosynthesis rate of the OsVIN2 mutant
To determine if the small seed grain phenotype in osvin2-1 was related to reduced photosynthetic activity, we assessed the net photosynthesis rates in osvin2-1, Comp, and WT by measuring CO 2 consumption at 45 min intervals from zeitgeber time 1 (ZT 1) to midday in the leaves of eight-week old plants ( Table 2 ). The osvin2-1 mutant did not show a significant change in net photosynthetic activity compared with WT and Comp plants, indicating that the small size of seed grain is not due to changes in photosynthetic activity in osvin2-1.
VIN activity of the OsVIN2 mutant
Altered sugar flux results in changes in seed grain size in various plants (Jin et al., 2009; Li et al., 2013; Wang et al., 2015) .
In osvin2-1, the small seed grain was determined maternally specifically at the seed development stage (Fig. 2 and Table  1 ). Among the maternal factors that can influence seed size during seed development are spikelet hull size and seed coat, including pericarp (epicarp, mesocarp, and endocarp) and testa (integument and nucellar tissue) (Li and Li, 2015; Wu et al., 2016a) . In osvin mutants, Comp, and WT plants, we measured VIN activity from their palea/lemma and developing seed at the pre-storage stage of three to six DAF, as well as from the leaves of six-week-old plants.
Analysis of leaf VIN activity showed osvin2-1 retained 70% to 80% of VIN activity and slightly decreased VIN activity compared with WT and Comp plants, whereas osvin1 showed greatly reduced VIN activity, indicating that VIN1 is responsible for the majority of VIN activity in rice leaves (Fig.  3A) . The absolute activity of VIN in leaves was relatively low, suggesting it is unlikely that VIN activity contributes to leaf growth as much as to seed development.
In contrast, in palea/lemma, osvin2-1 decreased VIN activity to less than 40%, while osvin1 retained 70% of VIN activity compared with WT and Comp plants (Fig. 3B) . In developing seeds, osvin2-1 decreased VIN activity significantly, to less than 5% of the seeds of the WT, Comp, and osvin1 lines, which retained high VIN activity (Fig. 3C) . In WT plants, absolute VIN activity in spikelet hulls and developing seed grains was about 10-fold and 340-fold higher, respectively than that in leaves, suggesting a more prominent role of VIN during reproductive growth involving seed development. This result supports that OsVIN2 activity is critical for normal seed grain development. The reference CO 2 concentration was 400 μmol mol -1 , and the photosynthetic photon flux density (PPFD) was 1,200 (μmol m -2 s -1 ). 
Sugar and starch metabolites of OsVIN2 mutant
To determine if decreased VIN activity affected sugar metabolism, we measured steady-state levels of primary sugar metabolites and starch in palea/lemma and developing seeds in WT and osvin2-1 plants (Fig. 4) . The samples were harvested at the end of day of 14 h light/10 h dark growth conditions when photosynthetic activity is complete. osvin2-1 showed significantly reduced levels of hexoses, glucose, and fructose in both palea/lemma (Fig. 4A ) and seed grains (Fig. 4B) . In addition, osvin2-1 reduced starch significantly and accumulated sucrose in developing seed grains (Fig. 4B) . This suggests that OsVIN2 functions predominantly in starch synthesis via sucrose hydrolysis at an early stage of seed grain development. However, there were no differences in the amount of sucrose and starch in palea/lemma of osvin2-1 compared with WT (Fig. 4A) . It is therefore likely that the reduced size of osvin2-1 hulls was due to low levels of hexoses, while the transitory reserves of sucrose and starch were compensated by remaining VIN activity and other sucrose cleavage enzymes, such as CINs, NINs, and SuSys.
In situ RNA hybridization of OsVIN2 in developing seeds
OsVIN2 is believed to function in sucrose degradation and subsequent starch synthesis in developing seeds. To further examine detailed expression of OsVIN2, we performed in situ RNA hybridization experiments in developing seeds (Fig. 5 ). Specific expression of OsVIN2 was detected in the endocarp of one to seven DAF developing seed grains (Fig. 5, top) . The sense control experiment showed no clear signals (Fig. 5,  bottom) . 
Generation of additional OsVIN2 mutants by CRISPR/Cas9
To further confirm the role of OsVIN2 in seed development, we employed the CRISPR/Cas9 method to produce additional allelic mutants of OsVIN2. The 160th nucleotide of the first exon was selected as the start of the guide RNA target. Among 38 independent transgenic lines, we found two homozygous mutants, osvin2-2 and osvin2-3, with mutations at the target site (Fig. 6A) . One-and two-nucleotide deletions were found in osvin2-2 and osvin2-3, respectively, which eventually induce premature termination codons. As expected, the size of spikelet hulls and seed grains was reduced in osvin2-2 and osvin2-3, as was the case with osvin2-1 (Fig. 6B) . VIN activities measured in osvin2-2 and osvin2-3 were consistently and significantly reduced in both developing hulls (Fig. 6C, left) and seed grains (Fig. 6C, right) . Levels of VIN activity in osvin2-2 and osvin2-3 were reduced to 33% and 10%, respectively, in palea/lemma and developing seeds, compared with WT.
We measured sugar metabolites such as sucrose, glucose, fructose, and starch in developing hulls and seed grains of WT, osvin2-2 and osvin2-3. As with the results of T-DNA insertion mutant, osvin2-1 (Fig. 4) , low levels of hexoses were measured in osvin2-2 and osvin2-3 samples, and accumulated sucrose with reduced starch was found in developing seeds but no changes were noted in palea/lemma compared with WT ( Fig. 7) . From these results it is clear that OsVIN2 plays a critical role in developing spikelet hulls and seed grains.
DISCUSSION
In this study, we discovered a novel function of OsVIN2 involving in reproductive growth, in particular seed grain development, in rice. Among two rice VIN isoforms, only a loss of function of OsVIN2 displayed a visible phenotype of small spikelet hulls and seed grains (Figs. 1 and 2, Table 1 ). OsVIN2 contributed consistently to a large portion of total VIN activities in spikelet hulls and seed grains ( Figs. 3 and 6 ). Importantly, osvin2 mutants grew normally but with a reproductive stage-specific defect of impaired growth and development of spikelet hulls and seed size and grain weight. This observation is consistent with the finding that the net photosynthesis rate was not changed in osvin2 mutant compared with control, WT, and Comp lines ( Table 2) . It is therefore evident that OsVIN2 function is necessary for normal growth and development of reproductive organs.
In cereal crops including rice, a decrease in seed size is influenced mainly by maternal factors of parental genotype, along with environmental factors (Li and Li, 2015; . We found that only the homozygous mutants of OsVIN2 produced consistently small seed grains ( Table 2 ). The cell size of osvin2 spikelet hulls appeared to be clearly reduced compared with WT in SEM analysis, which causes small spikelet hulls (Fig. 2) . Thus, the small seed phenotype in osvin2 homozygous mutant is supported by the notion that seed size in rice is determined by the space within spikelet hulls, which limits how large seed grains can grow (Shomura et al., 2008; Song et al., 2007) .
In the analysis of sugars and starch, we observed a remarkable decrease in hexose levels in the spikelets of osvin2 mutants compared with WT ( Figs. 4 and 7) . High hexose levels mediated by VIN activity are reportedly involved in cell expansion (Andersen et al., 2002; Roitsch and González, 2004; Ruan et al., 2010; Sergeeva et al., 2006; Wang and Ruan, 2012) . A high intracellular concentration of hexose induces high osmotic activity, which allows water to enter the cell, leading to cell expansion. It is likely that reduced levels of hexose in osvin2 mutants can affect cell expansion of spikelets. It is also well known that glucose is associated with auxin, an important plant hormone that regulates cell growth and expansion (Wang and Ruan, 2013) . Glucose can increase a number of indole-3-acetic acid precursors, metabolites, and conjugates in auxin synthesis and is also involved in auxin distribution and signal transduction (Mishra et al., 2009; Sairanen et al., 2012) . Thus, these findings suggest that the reduced level of glucose may affect cell size in osvin2 spikelet hulls.
Growth and development of sink organs depend on sucrose import from source organs. Thus, controlling sink strength to keep sucrose importing from source organs is an important regulatory mechanism to optimize sugar partitioning and thereby support growth and development of reproductive organs. Changes in the ability of sugar partitioning can therefore dramatically alter productivity. For instance, mutation of the rice vacuolar sucrose transporter OsSUT2 accumulated sucrose within leaf vacuoles, limited availability of sucrose toward phloem loading, and resulted in growth retardation and yield reduction (Eom et al., 2011 ). An increase of sink strength enhanced apoplastic phloem loading of sucrose, increased seed grain size, and substantially improved grain yield in transgenic rice plants expressing the phloem-specific Arabidopsis sucrose transporter (AtSUC2) (Wang et al., 2015) . At the pre-storage stage of developing seeds, increased sucrose and decreased starch amounts were observed in osvin2 mutants compared with WT ( Figs. 4 and  7) . Together with reduced levels of hexose, this suggests that flux and turnover of sucrose to starch is not properly maintained in osvin2 mutants, which limits growth and development of seed grains. OsVIN2 expression was predominant in the endocarp at one to seven DAF in in situ hybridization (Fig. 5) . Starch granules are accumulated in the seed coat at six DAF and disappeared after ten DAF (Wu et al., 2016b) . Starch granules are also observed in the seed coat in barley and wheat (Radchuk et al., 2009; Xiong et al., 2013) . Thus, the inner pericarp-specific expression of OsVIN2 indirectly suggests that osvin2 mutation interferes with starch synthesis due to reduced flux and turnover of sucrose in developing seed coats and thereby limits endosperm growth and development.
In conclusion, the present study demonstrates that in addition to CIN, VIN activity contributes to control of sink strength and sucrose flux into seed grains in rice. The OsVIN2 gene under the control of appropriate spatiotemporal-specific promoters, can be utilized to improve sink strength and yield potential in rice.
